Despite decades of research assessing the genetic structure of natural populations, the 24 biological meaning of low yet significant genetic divergence often remains unclear due to a 25 lack of associated phenotypic and ecological information. At the same time, structured 26 populations with low genetic divergence and overlapping boundaries can potentially provide 27 excellent models to study adaptation and reproductive isolation in cases where high 28 resolution genetic markers and relevant phenotypic and life history information are available.
Abstract
Introduction 42 Defining populations based on genetic markers has a long history in evolutionary biology 43 (reviewed by Waples & Gaggiotti 2006) . The emergence of each new type of molecular 44 marker has seen new discoveries in the extent and scale at which genetic divergence is 45 detected (reviewed by Avise 1994; Wright & Bentzen 1994; Morin et al. 2004; Schlotterer 46 2004). Most recently, studies using single-nucleotide polymorphisms (SNPs) have identified low but statistically significant genetic differentiation in a number of cases where populations sampled from below the adipose fin and just above the lateral line (using standard guidelines which are more prone to scale damage and regeneration of scales. 193 DNA extraction, sex determination and genotyping 194 DNA extraction, sex determination and SNP genotyping for all samples was carried out on 195 individual archived scale samples using the same protocols described in Johnston et al. 196 (2014). All 744 samples were genotyped at 5568 SNP loci using a custom-designed 197 Illumina® iSelect SNP-array, the majority of which have been mapped to 29 linkage groups 198 (Lien et al. 2011; Bourret et al. 2013b) . Individual genotypes were scored using the clustering algorithm implemented in the Illumina® GenomeStudio Genotyping Analysis without defining prior population structure or location. Population structure was inferred by 224 estimating the optimum number of clusters (K) as suggested by Pritchard & Wen (2004) and 225 Evanno et al. (2005) , in which the smallest K capturing the most structure is concluded as the 226 optimum number of populations explaining the genetic data. K values ranged from one to 227 seven, and each run with a particular K value was replicated 12 times. We then identified 228 each individual's membership to inferred clusters using a cut off value of q=0.80 (probability 229 of an individual belonging to a group), where q values were averaged over 12 replicated runs. 230 The q=0.80 threshold is conservative for assigning individuals to populations (see Vähä & Primmer 2006) , and also allows the distinction of some hybrid classes from pure-breds (e.g. 232 backcross hybrids are expected to have a q-value around 0.75; see below). Individuals not 233 assigned to any population cluster (q-value < 0.80) were defined as "admixed". To evaluate genetic isolation by distance in the data-set, associations between individual-241 level genetic distances (i.e. allele sharing) and geographic distances (i.e. approximate river 242 position) were assessed using a Mantel test, and significance was evaluated by permuting the 243 data 10,000 times using the VEGAN package v2.0-10 in R v 3.1.0 (Oksanen et al. 2013) . In 244 addition to isolation by distance, we also tested for a possible isolation by region signature 245 along the lower and the upper section of the mainstem, which are separated by a 40 km 246 stretch of sandy river habitat that is generally unsuitable for salmon reproduction and nursery 247 (Niemelä et al. 1999 , Figure 1 ). Because of this, we also included a test of genetic isolation 248 by region where genetic similarity of fish from the lower (< 140km) and the upper (> 180 249 km) stretches of the river were compared. A small number of fish sampled within this sandy 250 region (3% of the final dataset) were excluded from this Mantel test. We constructed the 251 distance matrix as follows: any two fish that were sampled in the same region were scored as 252 "0" in the distance matrix (i.e. no distance between them), whereas fish that were not sampled 253 in the same region were scored "1". Finally, we quantified the relative contribution of 254 distance (km) vs sub-region (upper vs lower) effect in explaining the pairwise genetic 255 distance between individuals. The two matrices (distance matrix vs sub-region matrix) are 256 inherently confounded, thus we used a partial Mantel test to identify the relative contribution 257 of each one, in which the correlation between the genetic distance matrix and either of the 258 spatial matrices are conditioned on the other spatial matrices (using mantel.partial function in 259 the VEGAN package v2.0-10). Significance was assessed at alpha value of 0.00625, after 260 Bonferroni correction for multiple testing.
The among sub-population variation in continuous growth traits was evaluated using a linear 262 mixed effect model, where parameters were estimated with maximum likelihood using the 263 LME4 package v1.1-7 in R v 3.1.0 (Bates 2010). The model included the sub-population of 264 origin (as inferred by structure analysis at q = 0.8), SW age, FW age, and the genetically 265 assigned sex as fixed effects, and year of sampling as a random effect. These covariates were 266 chosen because they are either inherently or likely to be associated with the traits of interest.
267
For example, SW age and sex are both strong predictors of sea growth, while FW age is a 268 good predictor of freshwater growth and total size in the fresh water. The model was 269 parametrically bootstrapped 10000 times using the bootMer function in LME4, from which the 270 sampling median and 95% confidence interval of the parameters were calculated. Finally, the 271 null hypothesis, that the parameter has no effect on the response variable, was evaluated at 272 two alpha values, 0.05 and 0.001, which denote the proportion of (bootstrapped) parameter 273 estimates with an opposite sign to the null. All phenotypic measurements other than CF were 274 log scaled to achieve normality. In addition to the continuous traits, the two categorical traits 275 FW age and SW age were tested for association with sub-population of origin, using a 276 generalized linear model (Poisson error function and log link), where SW age was modelled 277 as number of years that maturation was delayed beyond SW age = 1, otherwise with the same 278 procedure as above. We then extended the phenotype analysis to assess a potential isolation 279 barrier between the upper and lower sections of the river that are separated by a sandy stretch 280 of river that is mostly unsuitable for spawning and juvenile rearing. Therefore, we re-281 formulated the above linear mixed effect by replacing the "sub-population" term with "sub- additional phenotypic traits was investigated. Population stratification was accounted for 295 either by including the significant principal components to the model as fixed effects, or 296 using genomic control whereby the test statistic was divided by the genomic inflation factor 297 (i.e. , Price et al. 2010) . Principal components were added sequentially until the inflation 298 factor (lambda) was less than 1.1. The significance threshold for genome-wide association 299 after multiple testing at = 0.05 was calculated using the Bonferroni method.
300
Adaptive divergence among populations 301 We evaluated the role of adaptive divergent selection among populations using a P ST -F ST 302 comparison (Brommer 2011). This is an extension of the Q ST -F ST framework, in which the 303 proportion of additive genetic contribution to population divergence is estimated within a 304 range of values to infer the robustness of the selection signal. This was determined using the 305 following equation:
where GB 2 and GW 2 are the variances between and within each population, respectively (i.e. 309 residuals of the model); h 2 is heritability; and c is the proportion of the total variance that is 310 presumed to be due to additive genetic effects across populations (Leinonen et al. 2006; 311 Brommer 2011). We estimated the among population variation using a mixed model 312 approach, where significant covariates (as evaluated in the linear model above) were included 313 as fixed terms and population provenance as a random term using a restricted maximum 314 likelihood approach (REML) as implemented in the LME4 package v1.1-7 (Bates and 315 Maechler 2009) in R 3.0.2 (R Core Team). FW Age and SW Age were fitted using a 316 generalized model with a Poisson link, where SW age was modeled as number of years 317 maturation was delayed beyond SW age = 1. In this analysis, we included only individuals 318 that were confidently assigned to a population (q>0.8). Finally, models were bootstrapped 319 10000 times using the bootMer function in LME4 (with use.u=T option), from which the 320 confidence interval of the parameters were calculated. We calculated F ST distribution by Nichols 1996). The highest non-significant F ST value at = 0.05 was taken as the upper 323 threshold for the neutral expectations. In natural populations, the empirical values of c and h 2 are often unknown; therefore, we tested the robustness of P ST -F ST comparisons within a 325 specified range of c/h 2 ratios (0 to 2) as recommended by (Brommer 2011). 326 Estimating admixture between the inferred sub-populations 327 In order to gain further insight into the patterns of gene flow among sub-populations (e.g.
328
Taylor 2003), we estimated the composition of different hybrid classes within the admixed 329 individuals. To do this, we used the q-value of an individual as a proxy for its hybrid index 330 (Vähä & Primmer 2006) . First, we assessed the expected q-value distribution of different 331 hybrid classes by simulating individuals using the empirical frequency distribution of inferred 332 sub-populations. We simulated three different hybrid classes, assuming no linkage: 1) F 1 333 hybrids; 2) F 2 hybrids (i.e. F 1 x F 1 ); and 3) Backcross hybrids (F 1 x pure-bred sub-population 334 1 or 2). A baseline of pure type individuals (N = 400 for each population) was generated by 335 sampling the observed allele frequency distributions (using genotypes inferred in the 336 population structure analysis), and the population of origin for this group were marked a 337 priori in the STRUCTURE analysis (using POPFLAG = 1). Next, 200 individuals from each 338 hybrid class were simulated and q-value distributions were retrieved using STRUCTURE 339 software using the same parameters as above. The q-value distributions of simulated hybrid 340 classes were visually compared to the distribution of empirical q-values in order to infer the 341 possible hybrid structure within the empirical data. 
Results

344
Analysis of population structure 345 The STRUCTURE analysis showed a rapid increase in the log likelihood value from K=1 to 346 K=2, followed by a plateau (Figure 2a ), suggesting K=2 as the optimal number of sub-347 populations identified within the genetic data. This conclusion was also supported by the K were assigned as admixed (Figure 2b, Supp. figure 4) . Therefore, we refer to these two 352 distinct sub-populations as "Sub-population 1", and "Sub-population 2" hereafter, while the remaining samples are referred to as "admixed". Individuals assigned to clusters in the assigned to Sub-population 1 (88% of 264 3SW fish) while only 11 (4%) were assigned to allelic substitution effects of these SNPs did not explain phenotypic variation within sub-415 populations, more than by chance alone (Supp. figure 6 ), further indicating that these loci are 416 likely false positives. The only exception was the condition factor, where 3.9% and 6.6% of 417 phenotypic variation were explained by the top 28 significant SNPs in each sub-populations 418 respectively (p<0.01), suggesting a small polygenic effect on condition factor can be 419 explained by these SNPs (Supp. figure 7. See figure legend for details) . When using the 420 genomic control method alone to account for population stratification, a significant 
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Adaptive divergence among populations 431 The phenotypic differences between sub-populations in terminal traits including Length, CF, 432 and Sea Age, were consistent with selection contributing to the divergence, whereby P ST 433 estimates and 95% CI of these traits were larger than neutral range, which was also robust 434 across a wide range of c/h 2 values ( Figure 6 ). P ST estimates for these traits remained above 435 the neutral range at c/h values as low as 0.5, suggesting that trait variances may be subjected 436 to divergent selection even when the proportion of additive genetic affect among populations 437 is half of the within population value (see Brommer 2011). Population variance between 438 freshwater traits was not significantly different from neutral expectations, although median 439 P ST estimates for juvenile growth during later years in the river (i.e. Growth FW3 , and 440 Growth FWTot ) was larger than the neutral range at higher c/h 2 values, weakly suggesting 441 divergent selection may potentially influence these traits.
442
Population admixture between the inferred sub-populations 443 A substantial proportion of sampled fish (21.8%; Figure 2b and Figure 3 ) had intermediate q- 444 values, suggesting that admixture in the system was common. The empirical q-value distribution of admixed fish was skewed towards Sub-population 1 which suggests genomes 446 from admixed individuals contain a higher proportion of alleles from Sub-population 1 447 (Supp. figure 8 ). The relatively "flat" distribution of q-values suggests that the admixed 448 individuals also include higher order hybrids (Supp. figure 8) . On the other hand, the 449 admixed group had high F IS , which cannot be explained by inbreeding (i.e. overall high Ho of 450 the group, see Table 1 ). However, a heterogeneous origin of populations within a group 451 would elevate the F IS signal, suggesting some fish in the admixed group may have origins 452 other than the two sub-populations in the study, perhaps other sub-populations from other 453 tributaries in the Teno River system.
454
Discussion: 455 We combined SNP-based sub-population inference with extensive phenotypic and life history 456 data to obtain a detailed account of fine-scale population differentiation in Atlantic salmon 457 from the mainstem of the Teno River, a major salmon river in Europe. Our results suggest 458 that despite only subtle genetic divergence (F ST = 0.018), the two sub-populations do indeed 459 harbour substantial phenotypic divergence, including differences in age structure, growth 460 rates and size within age classes. Although both sub-populations inhabited overlapping 461 sections of the river, Sub-population 2 appeared to have a broader range extending towards 462 the upper Teno mainstem. This suggests that different evolutionary processes may maintain 463 divergence between these two genetically similar, overlapping sub-populations. Furthermore, 464 strong signatures of adaptive divergence at sea, coupled with seemingly similar spawning 465 timing and location leave open the possibility of a link between reproductive isolation and 466 divergence at sea. In this discussion, we consider the potential processes that may be driving 467 this population structuring, as well as the broader significance of the findings from both 468 evolutionary and conservation management perspectives. reproductive isolation (Gislason et al. 1999; Taylor 1999; Saint-Laurent et al. 2003; Østbye 489 et al. 2005; Landry et al. 2007; Hendry 2009; Power et al. 2009; Kapralova et al. 2011; May-490 McNally et al. 2015) .
491
In comparison, the results reported here provide a novel case of phenotypic divergence 492 between populations with very subtle genetic divergence, where gene flow between 493 populations is restricted despite an overlapping breeding range, similar basic life histories 494 (e.g. both sub-populations are anadromous) and similar spawning periods. The potential 495 mechanisms maintaining the population structure are therefore less clear than in some earlier 496 cases. In our study, both sub-populations exhibited skewed age structure between sexes, 497 where males mature earlier, spending fewer years feeding at sea. This is consistent with 498 previous work (e.g. Fleming 1998; Niemelä et al. 2006) , and is likely a result of the tighter 499 positive correlation between reproductive output and increasing size, and hence age, in 500 females, compared to males (Fleming 1996; Fleming 1998) . On the other hand the difference 501 in sea age structure between the genetically similar sub-populations is curious. Below, we 502 consider potential pre-and post-zygotic isolation mechanisms that could potentially lead to 503 the observed genetic and phenotypic divergence.
504
A potential pre-zygotic reproductive isolation mechanism is micro-geographic separation of 505 spawning areas throughout the mainstem Teno River. It is known that breeding site 506 preference in Atlantic salmon is partly driven by gravel size (Louhi et al. 2008) , whereby 507 areas with faster flowing water and larger gravel size are only accessible to larger females 508 (Fleming & Einum 2010) . Given that Sub-population 1 is essentially devoid of small, 1SW females, whereas Sub-population 2 almost completely lacks large 3SW females, size-Faster freshwater growth -earlier sea age at maturity: structure within the mainstem. Neither genetic by environment interactions, nor the 574 mechanistic basis of sea age variation is clearly understood in salmonids and therefore 575 resolving this issue awaits further research.
576
Implications for conservation 577
Age at maturity is one of the key traits for the management of Atlantic salmon, as larger 578 multi-sea winter fish are favoured in fisheries. In addition, older age at maturity within a 579 population is correlated with higher genetic diversity and is therefore important for genetic Although sea-age has been an obvious target, our assessment of additional phenotypic traits 588 indicated that the phenotypic divergence between the two sub-populations extends beyond 589 sea-age composition, with several growth parameters, including both freshwater and marine 590 growth, differing significantly between sub-populations ( Figure 5 ). Therefore, actions to 591 preserve sea-age variation and/or both sub-populations will serve to preserve diversity in life-592 history variation expressed during the marine and freshwater phases of the Atlantic salmon 593 life cycle. Detailed population genetic analyses provide further information, by which conducted with as many genetic markers as used here, it remains to be seen whether Teno 606 River Atlantic salmon represent an exception for the occurrence of such fine scale 607 differentiation in sympatry or whether these findings may be generalized to other large 608 salmon river systems or even more broadly. Likewise, the system appears to be an excellent 609 wild model to study the evolution of life history trade-offs and to improve our understanding 610 of the dynamics of life history evolution both at population and meta-population levels. Table 3 : Estimated fixed effects and random variance components in the mixed model analysis of phenotypic variation within and between the inferred populations of Atlantic salmon in the mainstem Teno River. The 95% confidence intervals, estimated by parametric bootstrapping, are given in parentheses. Asterisks denote effect sizes significantly different from zero 1 (*** = 0.001, *= 0.05).All continuous traits other than condition factor are log scaled inferred by the linear model (See Table 2 for details). 
